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Introduction
The world population is growing steadily, and crop yields per unit area are rising to meet the increased demand for food. To fulfil this need, increasingly larger amounts of nitrogen fertilizers are being used in many European countries (including Estonia), while farmyard manure applications are slightly decreasing or remaining constant (OECD, 2016). These trends lead to more intensive farming, which puts more pressure on the soil. Soil structural degradation starts when larger aggregates are broken into smaller aggregates. This leads to a reduction in soil porosity and an increase in bulk density, which causes further unfavourable conditions for plant growth. From an agricultural standpoint, the most valuable aggregates are those that are capable of withstanding mechanical wetting stress. Further, aggregate size matters -according to well-known aggregate hierarchy theory, the smaller micro-aggregates (<0.25 mm) have greater structural strength than macro-aggregates (>0.25 mm) due to their stronger binding forces, and therefore are less affected by soil management (Liu et al., 2014) . Soil water-stable aggregate (WSA) stability is directly influenced by various factors and their interactions; this makes the aggregation process (formation, degradation and stabilization) even more difficult to fully understand (Amézketa, 1999) . WSA stability is predominately influenced by the following factors: soil organic carbon (SOC) content, texture, temperature, water content, freeze-thaw conditions, wetting-drying cycles, differences in soil management (e.g., tillage and crop rotation and residue management), acidity levels and calcium carbonate (CaCO 3 ) concentrations, root mass, root length and microbial richness. The increased frequency of torrential rain in this pedo-climatic area, could according to Truman et al. (1990) be beneficial for aggregate stability, because elevated initial soil water content makes aggregates more resistant to flowing water
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The interaction of soil aggregate stability with other soil properties as influenced by manure and nitrogen fertilization and rain drop forces. This is due to the reduced rapid release of entrapped air in pores of soil structure (Zaher, Caron, 2008) . Although, at the same time, the higher water content makes soil more vulnerable to compaction by increased bulk density due to agricultural farming traffic (Nawaz et al., 2013) .
It is a known fact that some factors such as climate and soil texture are inherent and therefore not able to be changed. Different climatic regions have diverse temperatures and precipitation rates which influence the decomposition rate of organic matter and overall soil genesis. However, other properties can be manipulated by tillage, fertilization, crop rotation and acidity neutralization with liming. Even though tillage helps to loosen soil compaction, it also disrupts soil aggregates, roots and fungal hyphens, and decreases SOC content through mineralization. This reduction in binding agents causes a reduction in WSA (Tisdall, Oades, 1982) . Both nitrogen fertilization and farmyard manure have been shown to increase SOC content with increased above and below ground biomass production, especially if plant residues are returned to the soil. Various studies have demonstrated that SOC content is the primary influencing factor for WSA stability (Al-Kaisi et al., 2014). Despite having similar effects on SOC content, manure provides additional soil benefits that are not seen with nitrogen fertilizers. Manure has the added benefit of further increasing WSA stability by enriching soil with additional organic matter and plant nutrients, stabilizing soil acidity and increasing microorganism community diversity. Some research even suggests that nitrogen fertilizers may decrease WSA stability (Czachor et al., 2015 (Rengasamy, Marchuk, 2011) . As mentioned by Ball et al. (2005) , different crops like cereals and potato vary by root penetration depth, composition and produced root biomass. This further leads to differences in WSA stability. If crop rotation contains grasses and legumes, the soil structure usually improves due to high root mass and lack of tillage (DuPont et al., 2010). However, because those crops are not profitable in Estonia, cash crop cereals are more frequently preferred in crop rotations. Still according to Kasper et al. (2009) , the effects on soil structure can be modified or even erased with tillage through aggregate disturbance. Previous research on WSA stability is not directly comparable due to (i) different pedo-climatic conditions, (ii) lack of a standardized WSA stability determination method and (iii) not many studies that have investigated WSA stability interactions among multiple soil properties. The purpose of this study was to gain knowledge how the soil water-stable aggregation process occurs and interacts with other soil properties in Baltic pedo-climatic conditions. In particular, this study focused on farmyard manure application and different nitrogen fertilization rates in a cereal-rich crop rotation with removed straw. th May). Fermented cattle farmyard manure was applied at a rate of 40 Mg ha -1 at the end of October only in fields that were to be planted with potato in the following year. A few days after manure spreading, the soil was ploughed at a depth of 25 cm.
Materials and methods
Weather conditions. Estonia belongs to a humid continental climatic region. According to the Estonian Environment Agency Weather Station located near Tartu, Tõravere (N 58°15′50.27″, E 26°27′41.67″), during the 27-year period from 1989 to 2016, the mean annual temperature and precipitation were 6.3°C and 672 mm, respectively. The annual variation of mean temperature and precipitation was high. In 2014, the mean temperature (6.9°C) was 0.6°C, or 9.5%, higher, and the amount of precipitation (701 mm) was 29 mm, or 4.3%, higher than the 27-year-average. Alternatively, the mean temperature in 2015 (7.5°C) was 1.2°C, or 19%, higher, and the amount of precipitation (622 mm) was 50 mm, or 7.5%, lower than the period average. During harvesting season (September-October) in 2014 and 2015, the precipitation levels were 63 and 76 mm, respectively. Both years were similar, but when compared to 27-year-average (118 mm), the rainfall was almost twice less.
Soil sampling. from each plot using a soil probe at a depth of 0-20 cm and were placed in a zipped plastic bag. Physical measurements. Bulk density was determined by oven method at 105.5°C for 24 h. To ascertain WSA stability, air-dried soil was sifted through a 2-mm sieve. Four replications of 4 g of soil were added into sieves with a 0.25 mm mesh size of a wet sieving apparatus ("Eijkelkamp", The Netherlands), which was based on Kemper and Rosenau (1986) concept. Compared to the original method, an exception was made in the concentration of the dispersing water solution. To dissolve organic matter more rapidly, the 0.2% NaOH solution concentration was increased to 0.4%. Pipette method was used for determining sand (>0.0.63 mm), silt (0.063-0.002 mm) and clay (<0.002 mm) particle size distribution.
Chemical analyses. SOC content was measured using the Tyurin method (Vorobeva, 1998) . Total nitrogen was measured using the Kjeldahl method (Sáez-Plaza et al., 2013). Soil acidity (pH KCl ) was determined using a 1 M (mole) potassium chloride (KCl) (1:2.5 -soil: water proportion) solution (Soil Survey Staff, 2014).
Statistical analysis. Full-factorial analysis of variance (ANOVA) was used to test the statistical significance of crop, nitrogen fertilizer, farmyard manure and hydrothermal coefficient and their interaction effects on soil properties (bulk density, WSA stability, soil acidity and SOC content). Additionally, the sample plot was considered as a random factor, because the same plots were shared by barley in 2014 and potato in 2015. The Tukey HSD (honest significant difference) test was applied for pairwise comparisons of the factors. The significance level was set at 5%, and all data analysis was performed using software Statistica, version 13.
Results
The study found weak positive correlations between WSA stability and soil acidity, SOC content, loam and clay content, while weak negative correlations between total nitrogen and sand content, from which statistically significant was only correlation between WSA stability and SOC content (Table 1) . Additional correlations were calculated between bulk density and gravimetric water content which showed a significant weak negative correlation (r = −0.20, p = 0.03) and between bulk density and volumetric water content, which showed a non-significant weak positive correlation (r = +0.13, p = 0.15). The ANOVA showed that nitrogen fertilization and farmyard manure both had a significant impact on all investigated soil properties: WSA stability, bulk density, soil acidity and SOC content ( Table 2) . From the soil tillage viewpoint, one of the greatest differences between potato and barley cultivation was that potato The interaction of soil aggregate stability with other soil properties as influenced by manure and nitrogen fertilization needed more intensive tillage, which helped to loosen the soil. Therefore, the difference in crops can also be viewed as difference in tillage intensity. While crop had a statistically significant effect on the impact of bulk density and soil acidity, on WSA stability (p = 0.066), the effect was near the threshold level (p < 0.05) of significance. The results revealed that SOC content was not affected by crops (p = 0.92). The annual variation or hydrothermal coefficient (HTC) was significant for WSA stability and soil acidity, and had an influence on SOC content (p = 0.60). WSA stability was significantly affected by six combinations in which at least two factors were involved, while SOC content was only significantly affected by the interactions of crops, nitrogen and manure fertilization. The interaction of crops, manure and HTC had significant effect on all investigated soil properties, except SOC content. These results confirmed that soil aggregation is a complex process and is influenced by various factors and their combinations. However, SOC content is mainly only affected by fertilization. Soil acidity (pH KCl ). The results revealed that higher N application rates were associated with acidic soil (Table 3 ). However, with the exception of potato in both years with sole N fertilizer treatments, the acidification effect was not considered statistically significant. However, the drop in soil acidity levels due to high N application was less marked with the addition of FYM. The study also revealed that soil acidity increased if FYM was used, but not enough to be considered statistically significantly, except in barley in 2015. With the addition of FYM, the soil acidity increased on average from 5.86 to 6.17, which was a 5.3% improvement. In general, the soil acidity was low enough throughout the study where liming would be beneficial, especially in N fertilizer treatments.
Bulk density. Plots that were fertilized solely with N had a higher bulk density than those treated with FYM (Table 3) . 
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Soil organic carbon (SOC) content. The study revealed that in both 2014 and 2015, the use of FYM had a significant positive impact on the SOC content in both crops (Table 3) . On average, the SOC content in FYM treatments (1.28%) was higher than in sole N fertilized treatments (1.01%). The results revealed that higher quantities of N without and with FYM application generally increased the SOC content, but not enough to be considered statistically significant with Tukey's HSD test. An exception was found in barley with FYM treatments and 120 kg ha -1 N in 2015, where SOC content significantly differed from the plots without FYM and with 40 kg ha -1 N fertilization.
Soil water-stable aggregate (WSA) stability. As previously shown by the analysis of variance, WSA stability was affected by many factors and their combinations ( Table 2) . A more detailed analysis revealed that in general increased N rates were associated with decreased WSA stability, being statistically significant in 2015 with FYM application in potato (not for N 160 ) and in barley treatments (Fig.) . The drop in WSA stability was higher in FYM treatments. However, WSA stability values with FYM application in many cases were higher than those with only N fertilization. The study also revealed that in 2014, WSA stability values in barley treatments were higher than those in potato treatments; but in 2015 the results were the opposite. 
Discussion
The high annual variability of WSA stability found in this study was most likely caused by the differences in wetting-drying cycles, root development during the growth period and freeze-thaw cycles between the winters. With wetting, air that was entrapped inside the pores of aggregates was rapidly released, which resulted in the collapse of weaker macro-aggregates (Czachor et al., 2015) . Additionally, because drying does not occur evenly across the structure, cracks may have developed (Tang et al., 2016) , shearing the aggregates apart. If those wetting-drying cycles occur repeatedly, the WSA stability decreases. During the winter freezing period, water expands and tears apart the soil structure. On the one hand, this reduces bulk density by temporarily creating pores, but on the other hand, it also weakens soil structure by reducing WSA stability. Damage is greatest with high moisture content during freezing and increased number of freeze-thaw cycles (Wang et al., 2012) . In addition, the daily weather effect cannot be underestimated, because temperature and moisture both
200
The interaction of soil aggregate stability with other soil properties as influenced by manure and nitrogen fertilization influence microbial decomposition (Suseela et al., 2012) , which could increase the mineralization of organic matter and reduce SOC content (Semenov et al., 2014) . This could further decrease the stability of WSA. In this study, the increase in SOC content due to higher N rates was likely caused by an increased below ground root mass and above ground biomass with plant residues in potato and cereals. However, it should be noted that the effects of many processes that took place during the study period 2014-2015, were also caused by the long-term experiment as a whole, because many, especially SOC content related processes in soil do not happen immediately. Earlier studies have shown that higher fertilization rates also increased root biomass, especially in the top 20 cm of soil in similar soil and climatic conditions (Reintam et al., 2005) . The crops in this study did not affect SOC content likely due to the crop rotation, which moderated the effects of individual crop. Even though the straw of barley and spring wheat was removed during crop rotation, straw stubble of ~10 cm was still left on the ground after harvest which could have affected the SOC content pool.
WSA stability was reduced in higher nitrogen fertilizer treatments with cultivation, regardless of FYM application. This could be due to the increase in soil acidity and the subsequent effects on soil microorganisms. The added N fertilizer is considered an acid, and as such the application of N fertilizers reduced the soil acidity level due to nitrification of NH 4 + in which H + is released into soil (Bouman et al., 1995) . Earlier studies have shown that increased N fertilizer applications reduce the fungal biomass (Bradley et al., 2006) , probably because N fertilization may alter the cost-benefit balance in mycorrhizal symbioses, and that arbuscular mycorrhizal fungi may be less beneficial to plants in N fertilized soil (Corkidi et al., 2002) . If those important temporary organic binding agents are disrupted, the macro-aggregates could become less stable (Tang et al., 2011) . Another possibility could be that although extensive nitrogen fertilization increases SOC content, it also reduces root biomass and length; from a macro-aggregate stability stand-point, this could have a far greater effect than SOC content (Jung et al., 2011) . Additionally, if the soil acidity level was too low it likely inhibited root development, meaning less polysaccharides (aggregate binding agents) were released into soil (Tisdall, Oades, 1982) . Further, it is possible that higher fertilization rates led to increased yields and a faster depletion of Ca +2 and Mg +2 from the soil. Both of those ions play an important role in forming aggregates through the flocculation of clay particles (Rengasamy, Marchuk, 2011) . In this study, the soil acidity levels in some plots were below optimum level, therefore in those cases, liming could increase WSA stability. The average Ca +2 and Mg +2 contents in soil, based on the Mehlich 3 method, were 1020 and 33 mg kg -1 , respectively. Even if the soil acidity level is within normal range, liming in Estonian soils is necessary if Ca +2 content is <1500 mg kg -1 . This study found that the application of FYM had various positive effects on the investigated soil properties. FYM application increased the SOC content and decreased the bulk density by adding organic matter. The decrease in bulk density was probably caused by the addition of low density material into more dense soil fractions, based on assumptions by Haynes and Naidu (1998) . Also the bulk density could have been temporarily reduced after tillage by increasing porosity (Jirků et al., 2013) . However, tillage also reduces macroaggregates to micro-aggregates (Sheehy et al., 2015) , and in the long-term, tillage leads to a decrease in SOC content due to increased decomposition rate of organic matter (Ortas et al., 2013) . This decrease in SOC content could further reduce WSA stability, which could make the soil more vulnerable to compaction. This could be the reason for the lower soil structural stability under potato. The higher soil acidity levels found in FYM treatments compared with N fertilization-only treatments could be due to the CaCO 3 in FYM from cattle feed rations. This could have had a liming effect that increased soil acidity levels (Chu et al., 2017) and reduced the acidification caused by nitrogen fertilizer application. It is known that FYM application increases microbial activity and hydrophobic properties, which enhances WSA stability, but the interaction between WSA stability and FYM application was more complicated in the current study.
Despite the positive effects of FYM application on WSA stability and other soil properties reported in other studies (Bottinelli et al., 2017) , FYM application do not always increase the WSA stability and could even cause a reduction in aggregate stability, as was found both in this study and by Sánchez de Cima et al. (2016) . Our results revealed that in year 2015, in general, WSA stability did not significantly differ between FYM and non-FYM treatments. In three cases on non-FYM treatments, the WSA stability was even slightly higher. There could be many reasons for that result. First, the previously mentioned factors that could cause seasonal changes in WSA stability could affect FYM treatments somewhat differently. However, this result was most likely caused by the combination of high sand (57.9%) and low SOC (1.15%) contents in FYM treatments, and possible differences in FYM composition. In addition to the findings found in this study, it has been found that soil structure is less stable in sandy textures compared with those with higher clay content (Dimoyiannis, 2012) due to the lower flocculation effect of clay particles (Haynes, Naidu, 1998) . In addition, according to Le Bissonnais and Arrouays (1997), if SOC content is below 1.5-2.0%, an invariable aggregate stability is no longer sustained. Therefore, the high sand and low SOC contents found in this experiment could have created conditions where tillage and vehicular compaction during harvest may have cancelled out the benefits of manure application. Further, FYM composition is not homogenous; different components have various decomposition rates and therefore affect WSA stability differently (Leelamanie, Liyanage, 2016) . Straw-rich manure has more lignin, which leads to a slower decomposing rate. Therefore, it could be possible that the manure used in barley plots in 2015 had more straw and therefore more slowly decomposing lignin compared to the manure in 2014. The presence of excessive monovalent Na + and K + cations could have had an effect as well due to difference in FYM composition (Rengasamy, Marchuk, 2011 experimental field had variations in its moisture regime, texture and Na + concentration, which together could alter the WSA stability. Overall the high variability of WSA stability was not unique to this study (Algayer et al., 2014) . However, because aggregation is a very complex process, the exact reasons for the results are difficult to define, and further investigations are needed.
Conclusions
1. Increased nitrogen (N) fertilization rates decreased soil water-stable aggregate (WSA) stability, regardless of cattle farmyard manure (FYM) applications.
2. The use of FYM did not repeal the negative effects of increased N fertilization rates on WSA stability. Nevertheless, FYM application still enhanced WSA stability and had a positive effect on bulk density, soil organic carbon (SOC) content and soil acidity (pH KCl ) level. Therefore, regular FYM applications are beneficial for various soil properties.
3. Although SOC content increased with N fertilizer rates, the soil acidification due to increased N fertilizer applications most likely cancelled out the positive effects of increased SOC content on WSA stability. 
Dirvožemio grumstelių stabilumas, priklausomai nuo tręšimo mėšlu ir azoto trąšomis

Santrauka
Vienas svarbiausių dirvožemio sveikatingumo rodiklių yra vandenyje patvarių grumstelių stabilumas, nes jis turi įtakos dirvožemio cheminėms, biologinėms ir fizikinėsms savybėms. Be to, vandenyje patvarių grumstelių formavimasis, stabilizavimasis ir degradacija yra vieni iš sudėtingiausių dirvožemyje vykstančių procesų, kuriuos sunku iki galo paaiškinti. Vandenyje patvarių grumstelių tyrimų itin trūksta Baltijos jūros regione. Siekiant geriau suprasti, kaip vyksta agregacijos procesas Estijos pedoklimatinėmis sąlygomis, smėlingo priemolio stagniame išplautžemyje 2014-2015 m. buvo atliktas tyrimas. Analizuota trejų metų bulvių ir miežių laukeliai sėjomaina (bulvės → vasariniai kviečiai → miežiai), šiaudus pašalinant iš laukelių. Tirti tręšimo azotu (N) variantai: 0, 40, 80, 120 ir 160 kg ha -1 per metus -1 N, nenaudojus ir panaudojus 40 Mg ha -1 fermentuoto galvijų mėšlo prieš bulvių sodinimą rudenį. Vandenyje patvarių grumstelių kiekis buvo nustatytas orasausiuose mažesniuose nei 2 mm skersmens dirvožemio mėginiuose drėgno sijojimo aparatu. Tyrimas atskleidė neigiamą koreliaciją (r = −0,16) tarp didesnių N normų ir vandenyje patvarių grumstelių kiekio, nepriklausomai nuo fermentuoto galvijų mėšlo naudojimo. Nors dirvožemio organinės anglies kiekis didėjo didinant N tręšimo normas, dėl N tręšimo sumažėjęs dirvožemio rūgštumas (pH KCl lygis) greičiausiai buvo kompensuotas teigiamu dirvožemio organinės anglies poveikiu vandenyje patvarių grumstelių kiekiui. Lyginant tik su tręšimu azotu, tręšimas fermentuotu galvijų mėšlu turėjo teigiamą įtaką vandenyje patvarių grumstelių kiekiui. Nors tręšimas fermentuotu galvijų mėšlu ne visada didino vandenyje patvarių grumstelių kiekį, jis turėjo teigiamą įtaką dirvožemio tankiui, organinės anglies kiekiui ir rūgštumui. Dėl sudėtingų dirvožemio agregacijos procesų reikia tolesnių tyrimų.
